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Even at moderate speeds, moving objects stimulate many retinal photoreceptors within the integration 
time of the receptors, yet usually no motion blur is experienced. An elegant model for the elimination 
of motion blur was proposed by Anderson and van Essen [(1987) Proceedings of the National Academy 
of Science U.S.A., 84, 6297-6301]. These authors suggested that so-called shifter circuits shift the 
neuronal representation of retinal images on their way to the cortex. The retinal image of an object 
moving in the outer world is thus shifted in the opposite direction to the object motion, and the cortical 
representation of objects would be stable at least during short periods of time. To test the hypothesis 
of"shifter circuits", I measured thresholds for two vernier stimuli, moving simultaneously into opposite 
directions over identical parts of the retina. Motion blur for these stimuli was not stronger than 
with a single moving stimulus, and thresholds for the detection of vernier offsets could be below a 
photoreceptor diameter. This finding poses erious problems for the hypothesis of shifter circuits, since 
shifter circuits would be able to stabilize only one of the stimuli. In additional experiments, stimuli 
moved discontinuously, requiring spatio-temporal interpolation for the perception of smooth motion. 
The results are consistent with those obtained with continuous motion. Precision of spatio-temporal 
interpolation is in the hyperacuity range even for stimuli moving in opposite directions over the same 
small part of the visual field. 
Motion blur Shifter circuits Human psychophysics Direction selectivity Spatio-temporal interpolation 
Vernier acuity 
INTRODUCTION 
The subjective sharpness of moving objects and the lack 
of motion blur with stimulus velocities up to around 
4 deg/sec have long been a puzzle for researchers of 
vision (Westheimer & McKee, 1975). At 4 deg/sec, the 
retinal image of an object moves across almost 500 
photoreceptors within 1 sec. Within the receptor inte- 
gration time of at leas1: 20-100msec (Barlow, 1958; 
Ross & Hogben, 1974; Burr, 1980), around 10-50 
photoreceptors are'stimu]kated. In any camera-like device 
that integrates over time, these conditions would lead to 
a pronounced motion smear. Most observers, however, 
do not experience motion blur under these conditions. 
Several possible mechanisms have been proposed for 
the subjective lack of motion smear. For example, it has 
been argued that motion blur might be simply ignored 
pre-consciously, while Burr (1981) suggested that spatio- 
temporal filters, oriented in the space-time domain, 
retrieve the unblurred information of the stimulus. 
An elegant alternative is the model of shifter circuits 
by Anderson and van Essen (1987). These circuits shift 
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the projection of a retinal image on its way to the visual 
cortex. According to the model, the projection from a 
given retinal position to the visual cortex is not fixed but 
can be shifted at high speeds within certain limits. These 
shifts would enable the visual system to compensate for 
the motion of visual objects by shifting the cortical 
projection of retinal photoreceptors in a direction oppo- 
site to the object motion. While the image of an object 
moves over the retina, its cortical projection would 
thus be stable. The shifting is assumed to take place in 
the monocular portions of the visual pathways, i.e. in 
the lateral geniculate nucleus and the geniculorecipient 
layers of cortical area VI, where neurons are not direc- 
tion selective. This kind of shifter circuit would not only 
stabilize the cortical representation f moving objects 
(at least for short periods of time), but would also allow 
a fine alignment of the images of both eyes relative to 
each others as is required for stereoscopic depth percep- 
tion. Such changes have been found in binocularly 
activated cortical neurons (cf. Poggio & Poggio, 1984). 
As a third possible virtue, shifter circuits could easily 
explain the short-range process of apparent motion 
(Braddick, 1980), as well as spatio-temporal inter- 
polation (Morgan, 1980; Fahle & Poggio, 1981; Morgan 
& Fahle, 1992). By compensating the spatial displace- 
ment in the cortical representation f an apparently, 
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i.e. discontinuously, moving stimulus, shifter circuits 
would transform discontinuous presentations of this 
stimulus to a mere flickering in its cortical represen- 
tation. Similarly, the cortical representation of a tem- 
poral delay at each station of the apparent motion would 
be identical to the representation f a spatial offset. 
Evidence for or against his hypothesis i  difficult to 
obtain with electrophysiological recordings. To test the 
validity of the shifter hypothesis, we performed psycho- 
physical experiments using vernier offsets as a highly 
sensitive probe. I f  the shifter circuit includes only neurons 
that are not direction selective, then it can compensate for 
motion in only one direction at each small position of the 
visualfield. What happens if two vernier stimuli move in 
opposite directions within the same small area of the 
visual field? A direction insensitive shifter circuit would 
remove the motion blur of one of the targets while its 
cortical projection is stabilized. It is important to realize 
that at the same time blur of the second stimulus would 
increase, since the shifter circuit would increase rather 
than decrease the speed at which the cortical projection 
of this target moves. If the shifter circuit would cause 
the elimination of motion blur, at least one of the 
two stimuli moving in opposite directions should be 
blurred, and detection thresholds for vernier offsets 
should increase dramatically. If, however, the two 
verniers moving in opposite directions are perceived as 
unblurred and if their offsets can be detected with a 
precision corresponding to the diameter of photo- 
receptors, the elimination of motion blur cannot be due 
to a shifter circuit. 
The first experiment of the present paper is designed 
to test these alternative predictions. It turns out that 
motion blur is absent even when two vernier stimuli 
move simultaneously in opposite directions over the 
same part of the visual field. Some observers yield 
vernier thresholds clearly below a photoreceptor 
diameter under these conditions. This result cannot be 
explained by shifter circuits in their proposed form. 
To gain further information about possible mech- 
anisms, we performed four additional experiments. 
Thresholds for two verniers are somewhat higher than 
for a single vernier. The second experiment is aimed to 
clarify the possible causes for this slight elevation. Two 
reasons emerge. First, the presentation of the second 
target, be it stationary or moving, increases thresholds, 
probably by lateral spatial interactions. Second, the 
probability to err is higher when two targets rather than 
one target has to be identified. 
In the third experiment, we test the role of the last 
stations of each presentation sequence. These last 
stations might not be blurred, or be less blurred; their 
afterimage could then serve to identify the direction of 
offset. Presenting the last stations without spatial offset 
rules out this possible artifact. 
In the fourth experiment, vernier offsets created by 
spatio-temporal interpolation are investigated. As in 
the first experiment, two stimuli move in opposite 
directions to test whether spatio-temporal interpolation 
is possible simultaneously in opposite directions at the 
same visual field position. This is indeed the case, and 
the spatio-temporal filters that achieve spatio-temporal 
interpolation might also contribute to the elimination of 
motion blur. 
The fifth experiment addresses two modifications of 
the shifter hypothesis, namely (i) fast switching between 
the two directions of shift, and (ii) direction selective, 
spatially localized shifter circuits. Based on these results, 
I conclude that if mechanisms are needed to prevent 
motion blur, they should be direction selective, i.e. they 
should distinguish and treat separately objects moving in 
different directions. This finding favours the hypothesis 
that spatio-temporal fi ters rather than shifter circuits 
eliminate, or prevent, motion blur. 
EXPERIMENT 1: TWO VERNIER STIMULI MOVING 
IN OPPOSITE DIRECTIONS 
As outlined in the Introduction, shifter circuits that 
are not direction selective should be unable to prevent 
blur when two stimuli are moving in opposite directions 
at the same location of the visual field. In addition, 
thresholds for the detection of vernier offsets should 
increase. Here, we test this prediction. 
Materials and methods 
Stimuli are produced on a 32-bit personal computer 
and displayed on a high resolution x/y monitor 
(Tektronix 608, P31) via fast 16-bit D/A converters. 
The smallest spatial displacement obtainable is below 
1 arc sec at the observation distance of 2.5 m. Stimuli are 
displayed as vertical bright bars on a dark surround. The 
vernier targets are 21 arc min long and 1 arc min wide, 
with a 1 arc min vertical gap between the two elements. 
Their luminance is around 100 cd/m 2 on a homogeneous 
background of 1.3 cd/m 2, supplied by indirect incandes- 
cent lighting. 
The vernier targets move in a pseudo-continuous 
fashion in opposite directions over the same area of the 
monitor; stepsize dx between the stations along the 
motion path is 0.5 arc min [Fig. 2(a, b)] or 1.5 arc min 
[Fig. 2(c, d)]. In the experiments with two vernier targets, 
one vernier starts at the left of the fixation point, moving 
rightward to the fixation point and beyond so that it 
stops (and disappears) as far to the right of the fixation 
point as it has started to the left. The second vernier 
starts simultaneously with the first, but at the endpoint 
of the first vernier's trajectory [Fig. l(a, b)]. It moves 
leftward at the same speed as the first vernier, crosses the 
first vernier at the fixation point, and stops at the starting 
point of the first vernier. The velocity of both verniers 
varies between 0.5 and 8 deg/sec but is constant within 
each presentation. Presentation time is 150msec--too 
short for voluntary eye movements (Westheimer, 1954). 
The length of the trajectory of the stimuli, and the 
number of stations displayed, necessarily increase with 
velocity at any constant presentation time. 
When two verniers are presented simultaneously, 
they are offset either in the same direction or in 
opposite directions [cf. Fig. 1 (b)], and observers have to 
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discriminate between the two types of presentation by 
pressing a push-button. When a single vernier target is 
presented, observers haw~ to discriminate between offset 
to the right and offset to the left. In all the experiments 
with two verniers described in this paper, observers 
compare the offsets of the two verniers with each other. 
Many of the experiments were repeated with one or two 
other response schemes: (a) only one of the verniers is 
offset and observers have to indicate the direction of 
offset; (b) only each other presentation i cludes an offset 
target and observers have to indicate whether or not an 
offset vernier is present. All response schemes yield the 
same pattern of results, indicating that the results de- 
scribed in this paper are rather obust. Each run contains 
120 presentations of a method of constant stimuli, with 
three offset levels. Thresholds are calculated using probit 
analysis, with the standard criterion of 75% correct 
responses (Finney, 19621,. 
All four observers have normal or corrected to be 
normal vision. They are between 30 and 46 yr old and all 
well experienced in hyperacuity tasks. 
Results 
All four observers perceive both vernier stimuli as 
clearly discernible, sharp and without motion blur even 
when the stimuli move in opposite directions at velocities 
up to 2 deg or 4 deg/sec [Fig. 2(a)]. Since the distance 
between the stations of the apparent motion is 
0.5 arc min for the results of Fig. 2(a, b), corresponding 
approximately to the mean photoreceptor size and 
spacing in the human fovea (Curcio, Sloan, Packer, 
Hendrickson & Kalina, 1987), apparent motion is 
almost equivalent to continuous motion under the con- 
ditions of this experiment. Thresholds for the detection 
of vernier offsets increase with the velocity of motion, 
especially for velocities above 4 deg/sec. Observers vary 
significantly regarding both the level of performance and 
the slope of threshold increase with velocity [Fig. 2(a, b)]. 
For better comparison with the results for vernier 
offsets created by spatio-temporal interpolation (Expt 4), 
the same experiments were repeated with a three times 
larger spatial gap between the stations of the apparent 
motion, namely 1.5 arc min. The results are quite similar 
to the ones obtained with the smaller gap between 
stations [Fig. 2(c, d)], sometimes even better--probably 
due to practice effects. 
Further informal experiments show that moving the 
stimuli from further outwards towards the fixation point 
and stopping there, or starting the stimuli at the fixation 
point and moving them peripherally in opposite direc- 
tions yields similar results (not shown). The same is true 
for vertical separation of the trajectories, i.e. when the 
vernier targets move horizontally in opposite directions, 
one above and the other above or below the fixation 
point. 
In order to solve the task of discriminating between 
stimuli offset in the same direction vs offset in opposite 
directions, both verniers have to be analysed, hence 
stabilizing only one of the verniers (i.e. one direction of 
motion) would not suffice. To know the direction of 
offset for one vernier does not help to solve the task at 
all, as long as the offset of the second vernier is not 
known. As a further control of whether subjects might 
clearly perceive only one of the stimuli and guessing the 
offset of the second stimulus, psychometric functions 
are plotted. All thresholds are based on the standard 
criterion of 75% correct responses, but close to 100% 
correct responses are obtained with slightly larger 
offsets. Figure 3 shows some typical psychometric func- 
tions. If observers were guessing the offset of the second 
stimulus, these functions hould not differ significantly 
from 50% correct, even for large offsets; i.e. a regression 
line through the data would have a slope around 0. 
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FIGURE 1. Examples of moving vernier stimuli. (a) A real vernier stimulus appears troboscopically at discrete spatial stations, 
separated by dx (0.5 or 1.5 arc rain), and moves either to the right or to the left. The right portion of the graph illustrates 
that both segments of the vernier are presented simultaneously ateach station [results are shown in Fig. 2(b)]. F.P., fixation 
point. Co) Two verniers appear simultaneously and move in opposi~ directions. Follow-up stations of left vernier (solid lines) 
and right vernier (dashed lines) are shifted horizontally relative to each other by a couple of millimeters for clarity; on the 
monitor, the st~Ltions of the apparent motion are superimposed on each other [results are shown in Fig. 2(a)]. 
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FIGURE 2. Thresholds and standard errors for one vernier target or two simultaneously presented targets, moving in opposite 
directions, as a function of target velocity. Results of four observers. (a) Thresholds for two real, spatially offset verniers moving 
in opposite directions; (b) results for a single moving vernier. Distance dx between the stations of apparent motion is 0.5 arc min 
(c) Thresholds for two verniers moving in opposite directions, as in (a), but distance between stations is 1.5 arc min. (d) Results 
for a single vernier at 1.5 arc min distance between stations. See text for details. 
The data clearly differ from this prediction: observers 
reliably discriminate between the two directions of 
offset. Obviously, the visual system is capable to prevent 
motion blur simultaneously for stimuli moving in opposite 
directions. 
Discussion 
Even when two verniers move simultaneously in 
opposite directions, thresholds are in the hyperacuity 
range. Moreover, the stimuli do not appear to be 
blurred, and we never observe a difference between the 
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FIGURE 3. Some examples of typical psychometric functions 
obtained in the experiments. The percentage of responses "offset o the 
right" changes continuously as a function of offset--to values close to 
0% or 100%, depending on the direction of offset. 
two stimuli in the sense that one is blurred whereas the 
other is sharply focussed. This finding clearly contradicts 
the shifter hypothesis. 
It should be noted that all thresholds obtained in 
Expt 1 for velocities up to 4deg/sec are below a 
foveal photoreceptor diameter [,-~ 2/am = 20-30 arc sec 
(cf. Curcio et al., 1987)]--despite of the stimuli moving 
across approx. 75 photoreceptors each during the 
150msec presentation time! Even at a velocity of 
8 deg/sec, the best thresholds are clearly below the size 
of a photoreceptor, while the stimuli move over approx. 
150 photoreceptors each. This is to say that even though 
thresholds for two vernier stimuli moving in opposite 
directions are somewhat higher than those for single 
verniers [cf. Fig. 2(a, c) with Fig. 2(lo, d), thresholds are 
still far better than what would be expected if the eye 
would be a camera-like device with an integration time 
around lOOmsec. Whatever the mechanisms might be 
that prevent motion blur, they seem to be almost as 
effective for two stimuli moving in opposite directions 
as they are for single stimuli. Regarding the elimination 
or prevention of motion blur, it is not important hat 
thresholds are somewhat higher for two than for one 
vernier, given the high amount of blur to be expected in 
any camera-like device. 
Shifter circuits, in their proposed form, would operate 
mostly on a subcortical level, i.e. the lateral geniculate 
nucleus and geniculorecipient layer of visual cortex. 
Receptive fields in the lateral geniculate body have 
a circularly symmetric, antagonistic entre-surround. 
structure and are not direction selective (Hubel & Wiesel, 
1961). They are unable to discriminate between two 
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FIGURE 4. Thresholds and standard errors for one moving vernier target in the presence of another, stationary target. 
(a) One moving real w.~rnier target has to be compared toa stationary vernier (same or opposite offset). At the slowest velocity, 
i.e. smallest amplitude of motion, observer MF experienced problems to separate he two stimuli from each other due to their 
closeness. (b) Thresho'.tds as in (a), but distance between stations dx is 1.5 arc min. (c) Results as in (a), but the stationary target 
is straight and the task is to discriminate b tween offset o the right versus offset o the left of the moving vernier. (d) As (c), 
but dx is 1.5 arc min. 
stimuli moving in opposite directions on the basis of 
their direction of movement, and thus shifter circuits in 
their proposed form cannot explain the results of the first 
experiment. 
EXPERIMENT 2: THRESHOLDS OF TWO 
VS ONE VERNIER 
One might point to the fact that thresholds for two 
vernier targets moving in opposite directions are higher 
than for a single vernier target, even at low velocities. 
This could be an argument for the existence of shifter 
circuits: only one stimulus is stabilized and therefore, 
thresholds for two stimuli moving in opposite directions 
increase. The argument is not valid for several reasons. 
Most important, the increase of thresholds we found in 
the first experiment is quite small while one would expect 
a far larger increase if only one vernier could be stabil- 
ized, since we realize that observers must know both 
offsets to perform significantly above chance level in this 
task. 
I would prefer two alternative xplanations for the 
increase of thresholds found with two verniers as com- 
pared to one vernier. This increase might be caused by 
the fact that (i) the two vernier targets are in close spatial 
proximity [cf. Westheimer and Hauske (1975), who 
found that flanking lines, interfere with a vernier target, 
increasing thresholds by as much as a factor of 3] and 
(ii) for statistical reasons., probability to correctly ident- 
ify two targets is lower than to identify one target. To 
test explanation (i), one .of the targets is displayed static 
at the fixation point in the first control experiment while 
the other target moves [Fig. 4(a~l)]. To test explanation 
(ii), both the stationary target and the moving stimulus 
are offset and observers compare the offsets of the two 
stimuli, i.e. they must identify two offsets. We compare 
these results with the case when the stationary target is 
straight, such that observers identify only the offset of 
the moving stimulus. 
Methods 
In the previous experiment, he vernier targets moved 
in a pseudo-continuous fashion in opposite directions 
over the same area of the monitor. Here, only one of 
the targets moves while the second target, with or 
without an offset, remains stationary at the fxation 
point [cf. Fig. 4(a~t)]. The stationary vernier is offset 
either in the same direction or in opposite direction as 
the moving vernier and observers have to discriminate 
between these two cases [Fig. 4(a, b)]. Alternatively, the 
stationary vernier is straight, and observers have to 
judge the offset of the moving vernier as right or left 
[Fig. 4(c, d)]. Observers and all other experimental 
conditions are identical to the first experiment. 
Results 
We first consider the results for stimuli with both the 
stationary and the moving vernier offset. Discrimination 
between offsets in the same direction vs offsets in oppo- 
site directions [Fig. 4(a, b)] yields results very similar to 
the ones with two moving verniers [Fig. 2(a,c)]. 
Thresholds are above thresholds for a single vernier 
[Fig. 2(b, d)]. However, when the stationary vernier is 
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straight and observers indicate the direction of offset [left 
vs right; Fig. 4(c, d)] of the moving vernier, thresholds 
of most observers improve. Thresholds are significantly 
higher in the presence of a stationary straight line 
[Fig. 4(c)] than they are for a single moving vernier 
[Fig. 2(b)] (P = 0.01; paired t-test). 
Discussion 
Thresholds for detection of a single moving vernier 
[Fig. 2(b, d)] increase in the presence of a second vernier 
target, be it stationary [Fig. 4(a-d)] or moving in the 
opposite direction [Fig. 2(a, c)]. I f  the offsets of two 
verniers have to be compared (same vs opposite direc- 
tion), thresholds are virtually the same, irrespective of 
whether only one of the verniers or both are moving. 
We conclude that the first possible explanation raised 
above is valid: The increase of thresholds for two 
simultaneously moving targets can be explained by 
inhibitory interactions between the two targets that are 
mostly independent of the motion. 
The task is much easier when the stationary vernier 
lacks offset [Fig. 4(c, d)] than when it is offset, too 
[Fig. 4(a, b)]. This is hardly surprising, since for statisti- 
cal reasons, results for detection of one vernier offset 
should be better than results for detection and compari- 
son of two simultaneous vernier offsets. At 75% correct 
threshold, the probability to correctly identify one target 
is P = 0.75. If two targets have to be identified, this 
probability decreases to the product of the probabilities 
to identify both verniers correctly (p2) plus the prob- 
ability to err for both verniers ( l -P )  2, hence 
0.752+ 0.252= 0.625. Performance in this condition is 
worse and thresholds should increase. The results of the 
second experiment confirm these theoretical consider- 
ations: thresholds as shown in Fig. 4(a, b) are higher 
than in Fig. 4(c, d). According to the psychometric 
function of Fig. 3, the amount of threshold increase 
between the two types of tasks corresponds to almost a 
factor of 2. This means that also the second possible 
explanation raised above is valid. 
These results show that the mere existence of a 
second vernier target, be it stationary or moving, slightly 
increases thresholds. The increase of thresholds in the 
first experiment for two simultaneous verniers as com- 
pared to a single vernier is therefore not specific for the 
fact that the two verniers in the first experiment move 
in opposite directions and seems to be unrelated to the 
problem of motion blur. Threshold elevation can be 
attributed to lateral interactions between the two 
verniers as described by Westheimer and Hauske (1975) 
for the case of verniers and flanking lines and to 
statistical reasons. 
EXPERIMENT 3: THE ROLE OF THE 
LAST STATIONS 
Another concern is the role of the last stations of the 
motion sequence. An afterimage of the last station of 
the motion sequence might allow the visual system to 
identify the direction of offset. Therefore, we perform a 
control experiment without a spatial offset at the last 
stations of the motion sequence. The moving stimulus 
appears for either 150 msec, sufficient for (almost) per- 
fect interpolation or for 75 msec, too short for perfect 
interpolation. 
Methods 
In this experiment two vernier targets, offset either to 
the same side or to opposite sides move in opposite 
directions, as in the first experiment [Fig. 2(a, c)]. The 
last stations of both verniers lack offset ["masked edge 
condition", m.e.; Fig. 5(a-d)]. If the vernier offsets are 
larger than the distance between adjacent stations, not 
only the very last station but the two or three last 
stations are displayed without an offset. Observers indi- 
cate whether offsets of the two verniers are in the same 
or in opposite directions. All other parameters as well as 
observers are identical to the previous experiments. 
Results 
When there is no offset in the last station(s), 
thresholds increase to different degrees, ranging from 
slightly (AH) to more strongly (MF) for the presentation 
times of 150 msec [Fig. 5(a, b)] and 75 msec [Fig. 5(c, d)]. 
At least half of the thresholds are still in the hyperacuity 
range, i.e., below the diameter of foveal photoreceptors. 
Discussion 
Even in presentations at higher velocities, with dozens 
of stations displayed, performance decreases lightly 
when the last stations lack offset, at least in some 
observers [cf. Figs. 5(a) and 2(a)]. This implies that the 
visual system can extract crucial information from the 
last one or two stations of even very long motion 
sequences with more than 100 stations--possibly from 
the quasi-static after images of the last station(s). 
However, thresholds are only slightly higher and still in 
the hyperacuity range [Fig. 5(a-d)]. Obviously, the last 
stations are not crucial for thresholds in the photo- 
receptor range, as obtained in the first experiment. 
Therefore, the possible artifacts caused by afterimages 
have no important influence on our conclusion. The 
increase of thresholds in the masked edge condition can 
be neglected compared to the amount of deterioration to
be expected in any camera-like device that lacks the 
ability to prevent motion blur. 
EXPERIMENT 4: VERNIER TARGETS CREATED BY 
SPATIO-TEMPORAL INTERPOLATION 
As argued above, the finding that motion blur is 
absent even with oppositely moving targets argues 
strongly against shifter circuits in their proposed form. 
There are alternative xplanations for the prevention of 
motion blur, such as direction-selective spatio-temporal 
filters that interpolate between the actual presentations 
of an object in some types of apparent motion (see 
Introduction and Fahle & Poggio, 1981). Are these filters 
able to simultaneously interpolate in space and time for 
targets that move in opposite directions? In the fourth 
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experiment, we address tlhis question. The stimuli created 
by spatio-temporal interpolation do not contain any 
spatial offset information at any station, i.e. the upper 
and the lower segment of the vernier target are 
spatially aligned with each other at each station of the 
motion sequence. Hence, this experiment will also supply 
additional evidence regarding the problem dealt with in 
the third experiment, namely whether the positional 
information of the last stations of the motion sequence 
might play a crucial role in solving the perceptual 
task. In this experiment, here will be no positional 
information before interpolation has taken place. 
Methods 
The two elements of each vernier stimulus are per- 
fectly aligned one above the other, but one element of 
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with a small temporal[ delay At relative to each other at each station, i.e., either the upper or the lower segment of the vernier 
is delayed relative to the partner segment by some msec [results are shown in Fig. 7(c)]. F.P., fixation point. (b) Two interpolative 
verniers, presented simultaneously and moving in opposite directions. Follow-up stations of left vernier (solid lines) and fight 
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one of the verniers is delayed by a defined amount of 
time at each station of the (apparent) motion [Fig. 6(a)]. 
Under appropriate conditions, the temporal delay is then 
perceived as a spatial offset between the two elements of 
the vernier (Burr, 1979; Morgan, 1980; Fahle & Poggio, 
1981). Using the velocity of the (apparent) motion (v), 
the (apparent) spatial offset (Ax) is calculated from 
the temporal delay (At) according to: Ax =v .At. 
The shortest emporal interval between the upper and 
lower segment available on our apparatus was 0.3 msec, 
corresponding to an apparent spatial offset between 
0.54 arc sec (for v = 0.5 deg/sec) and 8.7 arc sec (for 
v = 8.0deg/sec). Thresholds for interpolative vernier 
offsets below these values are sometimes obtained by 
observer AH, but those thresholds are calculated 
exclusively from the performance for suprathreshold 
stimuli. 
The vernier targets created by interpolation are pre- 
sented in the following three conditions that correspond 
to the conditions for the real spatial verniers in the first 
experiment: (i) two vernier targets move in opposite 
directions, with presentation durations of 75 and 
150 msec, and observers compare the directions of offset 
of the two targets; (ii) a single vernier target moves in 
apparent motion, and observers discriminate between 
offset to the left versus offset to the right; (iii) only one 
of the targets moves while the second target, with or 
without an offset, is displayed stationary at the fixation 
point [Fig. 7(d)]. The distance between stations is always 
1.5arcmin. Additional experiments with a distance 
between stations of 0.5 arc min, rather than 1.5 arc min 
yield similar results (not shown). Observers and all 
other experimental conditions are identical to the first 
experiment. 
Results 
Most noteworthy, spatio-temporal interpolation in 
the visual system reconstructs he underlying trajectories 
of both stimuli even when two "interpolative" verniers 
move in opposite directions. Delays of 15-100 msec lead 
to a clear subjective impression of a spatial offset 
[Fig. 7(a)]. Usually, observers are not able to indicate 
whether the offset they perceive is due to a spatial offset 
or to a temporal delay. 
Thresholds for spatio-temporal interpolation are 
clearly above those obtained with spatial offsets, 
especially at higher velocities, but at least some fall 
in the hyperacuity range. Curtailing the duration of 
(apparent) motion to 75 msec further increases 
thresholds [Fig. 7(b)]. Detecting the direction of offset in 
a single interpolative vernier is about as difficult as for 
a "real" offset vernier [Fig. 7(c)]. An interpolative 
vernier in the presence of a stationary vernier without 
offset [cf. Fig. 4(c) for the corresponding case of spatial 
verniers] yields lower results than "real" spatial offsets 
do [Fig. 7(d)]. 
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Discussion 
Spatio-temporal interpolation of two stimuli moving 
in opposite directions is obviously possible. The results 
of the fourth experiment show that observers perceive 
spatial vernier displacements that are created by purely 
temporal delays in the msec range, corresponding to 
spatial thresholds below a photoreceptor diameter. This 
implies that the neurona]L mechanisms underlying spatio- 
temporal interpolation in different directions function 
partly independent from each other at the same position 
of the visual field, at least for low velocities. Therefore, 
they might be able to prevent motion blur even when 
stimuli move in opposite directions. The results add also 
evidence to the view that spatio-temporal interpolation 
in visual perception is not caused by eye movements. 
Eye movements would convert the temporal delay to 
a spatial offset and would necessarily produce offsets to 
the same side in both verniers. That is not what we 
observe. 
The presentation time of 150 msec is just sufficient 
for the mechanisms responsible for the prevention of 
motion blur to become fully effective [Fig. 7(a)]; these 
mechanisms require around 100msec (Burr, 1979; 
Anderson & van Essen, 1987). Therefore, we would 
expect hat thresholds increase for shorter presentation 
times. Thresholds of the temporal or "interpolative" 
verniers do indeed increase for a presentation time of 
75 msec [Fig. 7(b)]. However, caution is required when 
speculating along these lines. Thresholds for single 
verniers of the spatial and the temporal type, as well as 
for two spatial verniers increase only moderately at 
higher velocities of (apparent) motion and for shorter 
presentation times (Figs 2, 4 and 5). Thresholds for 
two interpolative verniers, on the other hand, increase 
dramatically at high speeds and/or shorter presentation 
times. These findings imply that the mechanisms 
responsible for prevention of motion blur and for 
spatio-temporal interpolation might not be completely 
identical, or that additional factors are involved. 
EXPERIMENT 5: MODIF IED SHIFTER C IRCUITS  
Shifter circuits that stabilize the cortical projection of 
moving retinal images for several hundred msec cannot 
produce the results obtained in the first experiment. 
If, however, a shifter circuit would be able to switch 
direction of stabilization at the middle of the presen- 
tation time, i.e. within less than 150 msec, it would be 
able to stabilize the two vernier targets even when they 
move in opposite directions. First one vernier would be 
stabilized, subsequently the one moving in the opposite 
direction. The fifth experiment is designed to test this 
modification of the shifter circuit hypothesis. The two 
possible presentation durations follow each other at 
random under the conditions shown in Fig. 8(a, b). 
Hence, observers do not know how long the next 
presentation time will be and even if a hypothetical 
shifter circuit in the brain would be able to switch the 
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direction of stabilization within less than 100 msec, 
the visual system has no prior information about the 
duration of the stimulus, and thus can not know whether 
to switch direction of stabilization after 37.5 or 75 msec. 
Methods 
We measure thresholds of spatio-temporal inter- 
polation for presentation times of 75 and 150msec 
randomly interdigitated, so that observers do not know 
in advance how long the next stimulus presentation will 
last [Fig. 8(a, b)]. In an additional condition, two pauses 
(gaps) occur during a 150 msec presentation [Fig. 8(c)]. 
In this condition, stimuli move over the screen exactly as 
in the first experiment, but the beam of the oscilloscope 
is not intensified uring the time periods between 37.5 
and 75msec after stimulus onset and between 112.5 
and 150 msec after stimulus onset. During these periods, 
both verniers are invisible, but they reappear at a 
position that mimics motion during the pause. For 
comparison, we determine thresholds for 37 msec pre- 
sentations. Because the differences between presentation 
times are more pronounced for temporal offsets 
[Fig. 7(a, b)] than for spatial ones (not shown), we use 
temporal offsets in this experiment. 
Results 
For both presentation times, thresholds of the inter- 
digitated presentation times are only slightly higher 
than the ones for separated urations. In both cases, 
thresholds at the longer presentation duration are better 
than at the shorter presentation time [cf. Figs 7(a, b) and 
8(ab)]. The same holds true for spatial offsets, but 
threshold ifferences between the two presentation times 
are relatively small in this case (not shown). 
Figure 8(c) shows thresholds for a single interpolative 
vernier stimulus that appears on the screen with two 
37.5 msec blanks during the 150msec stimulation such 
that the vernier is present for 37.5 msec, disappears for 
a 37.5 msec pause, and reappears for another 37.5 msec 
presentation. The interruption of presentation simulates 
the reversal of the direction of stabilization after 
37.5msec since this reversal would discontinue the 
stabilization of the moving stimulus. If presentation lasts 
for more than 75 msec, another ound of stabilization i  
the first direction might follow. The results of Fig. 8(c), 
show that performance decreases substantially, by about 
a factor of 3, with temporal gaps of 37.5 msec during 
the presentation of a single interpolative vernier as 
compared to a continuous 150 msec presentation of the 
same stimulus [cf. Figs. 7(c) and 8(c)]. A presentation 
time of 75 msec, with two 18 msec time gaps leads to 
similar results (not shown). For comparison, thresholds 
for a total presentation time of 37.5 msec are shown in 
Fig. 8(d). 
Discussion 
A logically sound (but rather ad hoc) way to explain 
the results with two simultaneously moving stimuli by 
means of shifter circuits would be to postulate that the 
direction of shifting can be inverted within less than 
100 msec, so that the shifter circuit would first stabilize 
one of the stimuli for roughly half of the presentation 
time and subsequently the stimulus moving in the oppo- 
site direction for the second half of the presentation time. 
To rule out this possibility, presentations of 75 and 
150 msec are randomly interdigitated for "interpolative" 
verniers. Because the duration of the subsequent presen- 
tation is unknown, the switch between the directions of 
shift is due after 37 msec. Otherwise, only one stimulus 
could be analysed in the 75 msec presentations. This 
would not help at all the task to compare the offsets 
of both verniers and should dramatically increase 
thresholds for the 75msec presentations. Switching 
directions after 37 msec will leave thresholds unchanged 
for the 75 msec presentations a compared to Fig. 7(b), 
but should increase thresholds for the 150 msec dur- 
ations significantly, almost to the level of the 75 msec 
presentations. This is not what we find. Thresholds for 
the mixed durations [Fig. 8(a, b)] are very similar to 
those in the separated urations for both presentation 
times. The similarity of results for the 75 msec presenta- 
tions rules out that observers would have pursued the 
alternative strategy to switch directions always after 
75 msec. 
The ratio between the results for the mixed vs 
separated presentation durations is plotted in Fig. 9(a) 
for 150 msec presentations and in Fig. 9(b) for 75 msec 
presentations. The mean ratios are close to unity, 
between 0.7 and 1.7 in both cases, with no apparent 
difference between the ratios for the two presentation 
times, while the ratio between thresholds for the 
mixed durations of 75 msec vs 150 msec [Fig. 8(b, a)], 
gives mean ratios of up to around 4.0 for higher 
velocities [Fig. 9(c)]. Hence, we can dismiss the 
hypothesis that the low thresholds for the comparison 
of two verniers, moving simultaneously in opposite 
directions are achieved by a single mechanism that 
changes direction of stabilization in the middle of the 
presentation. 
This conclusion is corroborated by the results of the 
interrupted motion sequences: witching from stabiliz- 
ation of one direction to stabilization of the opposite 
direction would mean that a pause is introduced in the 
analysis of each stimulus. Figure 8(c) demonstrates that 
such a pause would dramatically increase thresholds 
for a moving vernier [cf. Figs 7(c) and 8(c)], well in line 
with the finding that subjective motion smear is most 
pronounced for presentation times up to around 40 msec 
(Burr & Ross, 1986). Since thresholds for motion 
sequences of 37 msec separated by a temporal gap of 
equal length [Fig. 8(c)] are not clearly better than for 
the isolated 37 msec segments [Fig. 8(d)], combination 
of information from multiple short sequences eems 
not to play a major role either. The same is true for 
sequences of 18 msec duration (not shown). 
Another modification of the shifter hypothesis could 
rely on several, direction selective shifter circuits for each 
visual field position. This modification would consider- 
ably increase the already high number of neurons necess- 
ary for the shifter circuits in their original form, and 
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appears implausible for this reason. Moreover, each of 
these mechanisms would have to measure velocity of the 
stimulus it tries to stabilize, since in order to stabilize the 
cortical projection the speed of neuronal shifting has to 
be matched (in opposite direction) to the velocity of the 
stimulus. This task requires the existence of many local 
channels, elective for direction and speed of motion plus 
a large number of specialised shifter circuits for many 
different orientations. The alternative explanation based 
on velocity-sensitive channels (see above and General 
Discussion) performs the required estimation of velocity 
and eliminates motion blur without additional costs in 
terms of neurons ince it requires only the first, motion 
detection stage. 
It appears that both modifications of the shifter 
circuits are not feasible, be it for lack of agreement with 
the data, be it for too heavy requirements regarding 
numbers of neurons. 
GENERAL DISCUSSION 
We examined the reasons for lack of motion blur in 
stimuli that move over almost 100 photoreceptors during 
the integration time of the visual system. The first 
experiment yielded low thresholds for stimuli moving 
in opposite directions---a result incompatible with the 
hypothesis on the elimination of motion blur by shifter 
circuits. The next two experiments ruled out possible 
artifacts, and the last two experiments ested alternative 
explanations. 
Lack of motion blur 
Given an integration time of the visual system of at 
least 20-100 msec (see Introduction), velocities o f  the 
stimulus uch as 4 deg/sec would lead to a spread of 
simultaneous excitation over at least 10-40 photo- 
receptors in any camera-like device---comparable to the 
optical blur that follows from addition of a spherical lens 
of several diopters. Blur caused by incorrect refraction 
increases vernier thresholds slightly less than Landolt-C 
recognition, but still, thresholds for abutting vernier 
stimuli ncrease by almost a factor of 10 for luminance 
distributions of 8 arc min half-width, as compared to 
sharply imaged stimuli (Stigmar, 1971; Bradley & 
Skottun, 1987). Log thresholds increase as a function of 
blur (log standard eviation of a Gaussian luminance 
distribution) with a slope around 0.8 (Krauskopf & 
Farell, 1991). Watt and Morgan (1983) report hresholds 
for the discrimination of differences in blur of 
0.3 arc min and below--far lower than the blur expected 
under the conditions of the present experiment..Hence, 
given the integration time of the visual system and the 
sensitivity for blur detection, observers hould easily 
detect he blur caused by motion of the stimuli. The low 
thresholds we find are another indication that motion 
blur is different from static, refractive blur. These results 
are in agreement with the common belief that moving 
stimuli are processed by channels with characteristics 
different from those that process static stimuli. The 
results favour an explanation based on spatio-temporal 
filters. 
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Another possible xplanation for the lack of subjective 
blur in moving stimuli would be that blur is not con- 
sciously perceived. There are several reasons to dismiss 
this hypothesis (e.g. Morgan & Benton, 1989). But if it 
were true that motion blur is neglected at a "higher" 
level of visual information processing, rather than com- 
pensated for at a "lower" level, there would be no need 
for shifter circuits to shift the cortical projections of 
moving stimuli. 
Morgan and Benton (1989) found that thresholds for 
spatial interval comparison increase ven at velocities 
below 2 deg/sec, which indicates that the visual system 
cannot compensate for the effects of motion in all kinds 
of stimuli, a finding that casts some doubt on the 
notion of mechanisms capable of eliminating all the 
effects of motion blur. Still, one could argue that in 
the case of double lines moving perpendicular to their 
axis, as in Morgan and Benton's experiment, photo- 
receptors are stimulated twice in short temporal 
sequence by the two lines and masking occurs on the 
photoreceptor level. 
Direction selectivity 
The finding that two verniers moving in opposite 
directions are not blurred and can yield thresholds 
below a photoreceptor diameter poses severe difficulties 
for an explanation i terms of shifter circuits. A shifter 
circuit operating on the level of the lateral geniculate 
nucleus or the geniculorecipient parts of the visual cortex 
would be direction insensitive since neurons there are not 
direction sensitive. The circuit should therefore shift all 
the receptive fields at least in a circumscribed area of the 
visual field. It is noteworthy in this context hat the 
verniers move with an amplitude as small as 4 arc min 
within the 150 msec presentation time at the lowest 
velocity, and over around 1 deg at the highest velocity-- 
hence over distances that correspond roughly to the 
receptive field centers of neurons in cortical area V1. 
The third experiment provides evidence against he 
possible artifact hat the discrimination between differ- 
ent directions of offset might rely on the information 
contained in the last stations of the motion sequence. 
The fourth experiment corroborates this conclusion. The 
stimuli created by spatio-temporal interpolation do not 
contain any spatial offset information, but thresholds of 
verniers moving in opposite directions are still in the 
hyperacuity range for some observers. The experiment 
provides evidence that spatially selective filters such as 
those that interpolate in the space-time domain are able 
to work independently for different directions at the 
same position of the visual field. These filters can 
therefore xplain the results of the first experiment, i.e. 
they can prevent motion blur even in the case of stimuli 
moving in opposite directions. 
Alternative xplanations 
In the light of the new experiments, it is plausible that 
the mechanisms responsible for the elimination of 
motion blur are direction selective. Another modifi- 
cation of the shifter hypothesis could then rely on 
several, direction selective shifter circuits for each visual 
field position. Given the large number of neurons 
necessary for the shifter circuits and the additional 
requirement to measure speed and orientation of the 
moving stimuli locally, this extension does not appear 
reasonable. A more plausible model consists, in my 
opinion, of direction selective, spatial frequency tuned 
filters, as proposed by Burr (1981) for motion detection 
and by Fahle and Poggio (1981) for spatio-temporal 
interpolation in discontinuously presented moving 
targets (cf. Adelson & Bergen, 1985; van Santen & 
Sperling, 1984, Watson & Ahumada, 1985). Such a 
pattern, moving at constant apparent speed, can be 
represented asa line in the Fourier domain of spatial and 
temporal frequencies, with a slope corresponding to the 
velocity of the stimulus (Fahle & Poggio, 1981). This line 
relates unambiguously the spatial and temporal com- 
ponents of the stimulus to each other; its slope is a direct 
function of stimulus peed. Several distinct filters cover 
different parts of the space of spatial and temporal 
frequencies. The filters can retrieve the original fre- 
quency spectrum of a moving stimulus from sufficiently 
densely spaced, discrete sampling points. For increas- 
ingly short presentation times, the lines in the spatio- 
temporal frequency domain are more and more spread 
out into a kind of oriented blob and the phase-spectra 
are scrambled. At a presentation time of 150 msec, the 
spread will be around 28 Hz for the central blob plus the 
first negative side lobe on both sides (Fahle & Poggio, 
1981). One might speculate that motion blur could be a 
subjective perceptual correlate of this physical property 
of stimuli presented for short times. Longer presenta- 
tions times decrease the spread of the line supports, and 
observers experience less motion blur. If the filters are 
direction selective, they can extract the frequency spectra 
of two stimuli moving in opposite directions in the same 
part of the visual field and are thus compatible with the 
results of the experiments presented here. We note, 
however, that there remain open questions, uch as the 
fact that short presentation times increase thresholds for 
interpolative verniers but not for "real" verniers. 
In conclusion, our results demonstrate that the visual 
system can partially prevent motion blur as well as 
deterioration of performance ven when stimuli in a 
given area of the visual field move in opposite directions. 
This finding is in contradiction to the hypothesis of 
shifter circuits (at least in its present form). A surprising 
new result is that spatio-temporal interpolation between 
the stations of discontinuously presented targets is 
achieved for stimuli moving in opposite directions within 
the same small portion of the visual field, as would be 
the case in transparency. This finding provides further 
evidence that spatio-temporal interpolation is not an 
artifact created by unconscious, ophisticated ye move- 
ments, but is achieved in the visual system by mechan- 
isms that are direction selective and, to a first 
approximation, independent from each other. These 
mechanisms might be involved in the prevention of 
motion blur. 
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